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Under 2x or 4xCO2,  all 33 CMIP5 models 
showed a warmer and “moister” (increased 
specific humidity) world :

- Narrowing and intensification of the ITCZ 
convective core

- More high clouds in the deep tropics, less 
clouds in subtropics

- A deeper Hadley  Circulation (HC), coupled 
to a widening  subtropics

- Increased subsidence and low level 
moisture divergence in subtropics, 

- Increased tropospheric, and near surface 
drying in a widening subtropics

(Lau et al., 2013 GRL,  Lau and Kim, 2015, PNAS
Wodzicki and Raap, 2016, Bryne and Schneider, 
2016, Su et al., 2017…..)

Thermodynamics:
δRh= δq /qs – α RhδT CC 

relationship,   α=L(Rv T2)-1 ~ 6.5% K-1

Dynamics:
Subsiding motion transports drier 

air from above 
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Sharpening
of ITCZ convection

Cloud-radiation-circulation interactions : GMMF results  

More warming in tropics
More cooling in polar regions

Enhanced
mid-latitude
Strom tracks



Changes in diabatic heating and dynamical 
tendencies
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Weak temperature 
gradient in the tropic, 

w Γe≈ QMP/Cp

Diabatic heat balance in Control Climatology  in GMMF:  January 

Heat transport 
by dynamics  

Stronger SW
warming in summer
hemisphere

Strong overall
LW cooling in
lower troposphere;
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Radiative cooling
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Dynamical adjustment induced by CRCI: Control minus No-CRF

More poleward
heat transport

More radiative
warming in tropics
cooling in extratropics

LH ~ adiabatic
heating/cooling

DTS signal
in latent

heating 



CRCI and extreme precipitation  in the tropics (30S-30N)

wet gets wetter
dry gets drier

w Γe≈ QMP/Cp
in heavy rain 
regions

strong dynamic
cooling (warming)

In wet (dry) regions 

8ß Drier            Wetterà ß Drier         Wetterà

Radiation feedback;
wetter gets warmer,
drier gets cooler
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1. Introduction  
An Atmospheric River (AR) is a narrow corridor (>2000 m in length) of high moisture 

content in the lower and middle troposphere, found over the mid-latitude oceans.   Typically, at 
any given time during the winter hemisphere, 3-5 ARs  can be identified from satellite images in 
the form of filaments of high total precipitable water content, emanating from the moist 
atmosphere of the tropics  (Fig. 1, left panel).  Climatologically, AR’s over the Pacific and 
Atlantic Oceans are responsible for more than 90% of the water vapor transport from the tropics 
to extratropical latitudes [Newell et al., 1992].   ARs are also well known by non-technical 
names such as “Pineapple Express” to local forecasters and the public, linking abundant 
moisture transport in narrow regions across the Hawaii islands, to heavy precipitation on the US 
west coasts [Lackmann and Gyakum, 1999, Fig. 1, right panel].  When an AR encounters 
mountain terrain of the western North American, upward motion caused by orographic forcing 
can lead to enhanced precipitation.  Hence, ARs play key roles in the fresh water supply of 
western North America.  It has been estimated that land-falling AR can cause rain and snowfall 
that can account for 30-50% of California’s water supply [Guan et al., 2010; Ralph et al., 2010; 
Dettinger, 2011].   On the flip side, extreme precipitation events (EPE) associated with ARs can 
lead to disastrous flash flood and mudslides, causing severe damage to properties and life in 
many coastal regions, not only over western North America but also in many other regions of the 
world, including coastal South America, Norwegian coast, and the United Kingdom  [Ralph et 
al., 2006, 2010; Ralph and Dettinger, 2011; Gimeno et al., 2014]. 

 

 
Fig. 1 Satellite image of precipitable water on Jan. 4, 2016, when an atmospheric river delivered heavy rain causing 
major flash flood and mud-slide to central and southern California over a three-day period (left panel).   Cloud types 
associated with the  “Pine Apple Express” - a typical land-falling AR, spawning heavy precipitation over California 
(right panel). 
 

In a future warmer climate, in which atmospheric water vapor content will rise (~ 6.5 % 
oC-1) following the Clausius-Clapeyron relationship governing saturated water vapor and 
temperature, AR frequency and intensity, as well as associated extreme precipitation are 
expected to rise with adverse societal impacts [Ulbrich et al., 2008; Lavers et al., 2013].   A 
better understanding of causes and consequences of ARs and associated heavy precipitation will 
enable more reliable forecasts and advanced warning, as well as more effective planning of 
mitigation and adaptation strategies.    
	
2. Rationale and Motivation 

In this investigation, we will focus on ARs over the North Pacific, affecting west coastal 
regions of the western US.  Thanks to the advance of satellite observations, and improved 
atmospheric models, the synoptic and structural evolution of individual AR events are quite well 
known [Ralph et al., 2006, 2010;  Neiman et al., 2008; Leung and Qian, 2009; Dettinger et al., 
2011; Ralph and Dettinger, 2011, and many others].  These include the presence of low level jets 

Does CRCI modulate  ITCZ Convection  and  
Atmospheric Rivers?



AR detection using Integrative water vapor transport (IVT) from MERRA2 
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GPM CSH heating profiles  (Tao et al., 2018) 



Stronger, deeper LH  profiles over eastern N. Pacific 
and US westcoast during ARs 
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ITCZ convection and Atmospheric River

Active ARs

Inactive  ARs
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Enhanced Atmospheric River under DTS ? 

AR frequency

IMERG rainfall

LH  profile change



Common features and also differences can be identified when comparing these CRs to those by O14. First,
there is no counterpart to CR1 in O14. CR1 in our analysis emerged from the only core CR split into three sub-
regimes. Second, low-level and boundary layer cloud systems with CFs above 65% are resolved in more
regimes in this analysis (four here versus two in O14). Third, the current set of regimes has only one CR with
peak cloudiness between 440 and 680 hPa, while in the C5.1 set of O14 there were two; this is consistent with
an overall drop of the midlevel cloud population in C6 compared to C5.1. The semiclear low CF “shapeless”
regime of this study (CR12) is more populous with an RFO of ~41% and has a larger CF (~29%) than its
C5.1 counterpart (CF ~20%) occurring about ~31% of the time, probably because of the inclusion of PCL

Figure 1. Centroids (mean histograms) of the 12 cloud regimes (CRs) derived from clustering analysis on 12 years of MODIS
C6 Aqua-Terra pc-τ joint daily histograms at a resolution of 1°. Additional information included in each panel is the mean
global cloud fraction CF and relative frequency of occurrence (RFO) of each CR.
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3. Additional Insight Into
the MODIS CRs

The interpretation of the CRs provided
in section 2.1 is consistent with the
dynamical environment in which CRs
are embedded, at least as represented
by the large-scale vertical velocity at
500hPa. This velocity is commonly
obtained by reanalysis. Following
this established practice, we choose
Modern-Era Retrospective analysis for
Research and Applications (MERRA)
[Rienecker et al., 2011] reanalysis data
for performing a CR-based compo-
siting of pressure velocity. Figure 3
shows the outcome of this exercise
in the form of a boxplot. The clear

pattern seen in the figure supports the choice of the term “weather state” [Rossow et al., 2005] for what we call
here CR. While our index assignment was blind to the dynamical environment, we see that it is quite effective in
organizing regimes in terms of large-scale vertical motion: the first six CRs occur in areas where the mean
(and median) vertical velocity indicates ascending motion, while the six CRs assigned the highest indices occur
in areas where descending motion at 500 hPa prevails. CR2, containing the thickest and deepest clouds, occurs
in environments of the strongest ascent; while the ascent is weaker for CR4 and CR5, these regimes still occur in
environments virtually devoid of large-scale descending motions in the midtroposphere. For CR7–CR11,
regimes with abundant shallow and boundary layer clouds, descending motions dominate. Low CF CR12, con-
taining no clear dominant cloud type and being omnipresent, is similarly ambiguous in terms of its dynamical
environment which exhibits near-equal amounts of large-scale descent and ascent. Other atmospheric
indicators can of course be invoked to describe the environment in which CRs are embedded, even including
sophisticated representations within joint dynamical-thermodynamical phase spaces, but we limit ourselves to
large-scale vertical motion as a signifier of atmospheric information content implicitly residing in pc-τ
histograms. Simply put, the clustering algorithm applied to such joint variations appears to be quite skillful in
deriving meaningful modes of cloud organization.

The CR concept by design encourages dismissal of standard cloud discrimination conventions based
often on naïve criteria such as cloud thermodynamic phase. Nonetheless, Figure 4 shows that our CRs
have clear thermodynamic phase traits, with most CRs assuming a predominant (in terms of cloud
fraction) liquid or ice phase identity. Only CR4 and CR12 are relatively balanced in terms of their ice
and liquid cloud fractions. The first three CRs, not surprisingly given their large proportions of high clouds,
are dominated by ice phase clouds. CR5 also consists mostly of ice clouds; recall that we identified this CR
as the winter doppelgänger of the “summer” CR4 which naturally contains more liquid than ice clouds.
CR7–CR11 encompass mostly liquid clouds consistent with centroids exhibiting peaks at high atmo-
spheric pressures (low altitudes). It is less easy to predict the dominant thermodynamic phase of CR6 from
the appearance of the centroid alone, but it turns out that it too consists mostly of liquid clouds, at least
according to the MODIS phase discrimination algorithm.

A more traditional breakdown of CRs by cloud type is shown in Figure 5. What is less traditional is the way
the proportion of each cloud type was derived and how the cloud types were identified. Specifically,
they come from the CloudSat 2B-CLDCLASS data set, i.e., from a sorting and classification of active CPR
observations. We used the form of the data set aggregated in the merged CERES/CloudSat/CALIPSO/
MODIS (CCCM) product [Kato et al., 2010, 2011]. A similar breakdown with the same data set was also
shown in O14. Examination of Figure 5 indicates a general consistency between active (2B-CLDCLASS) and
passive (2-D MODIS histograms) cloud views. The fraction of Sc clouds (given the absence of St in meaningful
amounts in the 2B-CLDCLASS product) serves as a good indicator of affinity with Figure 4, as well as the various
centroid panels of Figure 1 (a cloud-type abbreviation key is provided in the caption of Figure 5). CR7–CR11
have the largest fraction of Sc, reaffirming their shallow and boundary layer character. CR2, embedded in the

Figure 3. Boxplot of the 500 hPa large-scale vertical velocity associated with
each CR, derived from compositing MERRA data. The box length indicates
the interquartile range, the horizontal line is the median, and the symbol
represents the mean.
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strongest large-scale ascent environ-
ments, has the most Cb’s, while CR1 has
most Ci than any other regimes in accor-
dance with what is visually conveyed by
its centroid. If the fraction of high- and
mid-topped clouds was to be inferred
by the sum of Cb, Ci, and fractions, then
the first three CRs are in a category of
their own, with about 70% of their com-
position coming from such clouds. CR4–
CR6 have the largest fraction of Ns.
While CR4 and CR5 cannot be discrimi-
nated by their combined fraction of Sc
and Cu, CR4’s more stormy nature is
exposed by more Ns and Cb clouds.
Figure 5 also confirms that CR12 is
hardly a cloud regime with only shallow

clouds; as its centroid suggests, high proportions of middle- and high-level clouds are also found, albeit in
small absolute numbers since the CF of the regime is so low.

4. CR Cloud Radiative Effects
4.1. From CERES

For our basic results we largely follow previous choices and practices on how to present CR radiative effects in
terms of CRE. The grid cell CRE (for either the LW or SW or part of the spectrum and for total = LW+SW) is
defined here as

CRE ¼ Fall-sky " Fclr ¼ Ac Fovc f pc; τð Þ½ & " Fclrð Þ (1)

where Fall sky is the radiative flux for amixture of clear and cloudy conditionswithin the grid cell, Fovc (mainly a func-
tion of pc and τ) is the radiative flux (irradiance) of overcast skies, Fclr is the corresponding flux for “clear” (cloudless)
skies, and Ac is the grid cell cloud fraction (reserved for the grid cell value, as opposed to the physical variable CF).

When using the SYN1deg-Daily data, we composite (i.e., average globally using latitude as weight) only grid
cells occupied by the same CR for both Terra and Aqua; these special grid cells represent 25.4% of the

total number of grid cells analyzed
(~435.5 × 106). This approach was dis-
cussed in O14 as essentially the best
available (but certainly imperfect) cri-
terion for identifying persistence of a
particular CR within a grid cell. Except
for this condition, the compositing is
rather straightforward since both the
CR and the CERES SYN1deg-Daily data
set are available at the same temporal
(1 day) and spatial (1°) resolution and
for an identical time period. Results
shown in Figures 6–8 convey three
basic results, the position of each CR
in SW/LW/total TOA CRE space, the
percent contribution of each CR to
the total SW/LW/total planetary TOA
CRE, and the contrast between the
LW CREs at the TOA and SFC which
provides insight on each CR’s average
radiative cooling or warming effect

Figure 4. Liquid, ice, and total CF for each CR derived from compositing
gridded MODIS Ac values. The total Ac values are slightly above the sum of
liquid and ice Ac because of pixels of undetermined thermodynamic phase.

Figure 5. Percent fraction of cloud types within each occurrence of a
MODIS Aqua CR for which CloudSat cloud-type information from the
2B-CLDCLASS product (as aggregated in the C3M data set) was also
available. The last bar “C3M” shows cloud-type fractions for the entire
Aqua CR data set for which there is spatiotemporal overlap. Standard
two-letter abbreviations have been used for the various cloud types, namely,
Cb= cumulonimbus, Ci = cirrus, As = altostratus, Ac = altocumulus,
Ns = nimbostratus, St = stratus, Sc = stratocumulus, Cu= cumulus.
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MODIS Cloud Regime (CR) Classification daily, global, 1x 1 degree (2000-2015) 
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1. Introduction  
An Atmospheric River (AR) is a narrow corridor (>2000 m in length) of high moisture 

content in the lower and middle troposphere, found over the mid-latitude oceans.   Typically, at 
any given time during the winter hemisphere, 3-5 ARs  can be identified from satellite images in 
the form of filaments of high total precipitable water content, emanating from the moist 
atmosphere of the tropics  (Fig. 1, left panel).  Climatologically, AR’s over the Pacific and 
Atlantic Oceans are responsible for more than 90% of the water vapor transport from the tropics 
to extratropical latitudes [Newell et al., 1992].   ARs are also well known by non-technical 
names such as “Pineapple Express” to local forecasters and the public, linking abundant 
moisture transport in narrow regions across the Hawaii islands, to heavy precipitation on the US 
west coasts [Lackmann and Gyakum, 1999, Fig. 1, right panel].  When an AR encounters 
mountain terrain of the western North American, upward motion caused by orographic forcing 
can lead to enhanced precipitation.  Hence, ARs play key roles in the fresh water supply of 
western North America.  It has been estimated that land-falling AR can cause rain and snowfall 
that can account for 30-50% of California’s water supply [Guan et al., 2010; Ralph et al., 2010; 
Dettinger, 2011].   On the flip side, extreme precipitation events (EPE) associated with ARs can 
lead to disastrous flash flood and mudslides, causing severe damage to properties and life in 
many coastal regions, not only over western North America but also in many other regions of the 
world, including coastal South America, Norwegian coast, and the United Kingdom  [Ralph et 
al., 2006, 2010; Ralph and Dettinger, 2011; Gimeno et al., 2014]. 

 

 
Fig. 1 Satellite image of precipitable water on Jan. 4, 2016, when an atmospheric river delivered heavy rain causing 
major flash flood and mud-slide to central and southern California over a three-day period (left panel).   Cloud types 
associated with the  “Pine Apple Express” - a typical land-falling AR, spawning heavy precipitation over California 
(right panel). 
 

In a future warmer climate, in which atmospheric water vapor content will rise (~ 6.5 % 
oC-1) following the Clausius-Clapeyron relationship governing saturated water vapor and 
temperature, AR frequency and intensity, as well as associated extreme precipitation are 
expected to rise with adverse societal impacts [Ulbrich et al., 2008; Lavers et al., 2013].   A 
better understanding of causes and consequences of ARs and associated heavy precipitation will 
enable more reliable forecasts and advanced warning, as well as more effective planning of 
mitigation and adaptation strategies.    
	
2. Rationale and Motivation 

In this investigation, we will focus on ARs over the North Pacific, affecting west coastal 
regions of the western US.  Thanks to the advance of satellite observations, and improved 
atmospheric models, the synoptic and structural evolution of individual AR events are quite well 
known [Ralph et al., 2006, 2010;  Neiman et al., 2008; Leung and Qian, 2009; Dettinger et al., 
2011; Ralph and Dettinger, 2011, and many others].  These include the presence of low level jets 

Cloud Regime analyses for AR
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and CR3 are identified with high clouds with large anvils, associated with mesoscale complexes, 
while CR2 represents high clouds with  strong convective core coupled to vigorous ascent.  
CR4-6 are identified with mid-level cumulus congestus with moderate ascent, and CR6-7 with 
low-level, marine boundary layer clouds associated with weak subsidence.  CR10-12 represent 
mixed low clouds to clear sky conditions. We will analyze the relationships among CRs, rain 
and non-raining clouds, stratiform, and convective rain fractions from GPM IMERG rainfall 
data.   An example from our preliminary analysis (Fig. 6) shows a complex mixture of cloud 
types during a specific AR-land fall with EPE, showing ice-phase clouds (CR1-3)  over the 
heavy precipitation in coastal and regions and offshore,  interspersed with regions of middle, low 
and cloud-clear regions over the entire AR-cloud-precipitation system.  Composite analysis of 
distribution of cloud populations, relative to AR transport and circulation features will be carried 
out for active ARs events with strong EPEs over the coastal regions of western US. The overall 
radiation effects of clouds on the heat and water balances of the atmosphere-surface will be 
evaluated from MERRA2 and CERES data in Task 2.   

 
Task 1.2 EPE rainfall characteristics 

This task is complementary to 
Task 1.1.  Here, we focused on rainfall 
characteristics of EPE, using IMERG 
precipitation and GPM measurements of 
the vertical profiles of precipitation rate 
and reflectivity to identify extreme 
precipitation events (EPE) in the US 
west coast and examine rainfall 
characteristics as a function of the 
strength of AR.  To illustrate our 
approach, a preliminary comparison 
analysis has been conducted for active 
AR period in Dec 1-10, 2015 and 
inactive AR periods in Dec 11-20, 2015, 
during OLYMPEX [Houze et al., 2017].  
During the active period, land-falling ARs 
the US west coast and adjacent ocean 
(140-120oW) are under strong and 
frequent (over 24 times, based on 3-hourly 
data) AR influence, with EPEs lasting 
almost 3-days.  On the other hand, over 
the same region, AR was detected only 2-
3 times during the inactive period (Fig. 7a). More frequent arrivals of AR to the region are 
associated with increased frequency of convective clouds (CR1-3) and decrease of warm, low-
clouds (CR9-11) (Fig. 7c) and the shift of precipitation pdf toward more heavy rain rate (Fig. 
7b). DPR precipitation composite shows the increased heavy (warm) rain in lower layer as well 
as increase light rain (ice-phase) in mid- and upper troposphere (Fig. 7d). High-sensitive beam 
from Ka-PR (not shown) captures vertically extended features indicating ice-phase precipitation, 
even in very light rain rate bin  
 

In this task, we will extend the above analysis to compare ARs through the entire period 
(2014-2017), with more strict definition of AR, including no-AR cases. Strength of AR will be 
defined based on IVT (weak, moderate, and strong), and a grid with IVT below threshold (see 
Task 1.1) will be defined as no-AR case. In addition to EPEs identified in Task 1.1, we will also 
include no-AR related EPE by identifying EPE solely based on IMERG precipitation. We will 

 Figure 7 (a) Longitudinal distribution of the frequency of 3-hour 
period with of AR detected  between 30oN and 50oN, (b) 
Probability distribution of DPR surface rainfall over western US 
and eastern Pacific Ocean (140W-120W, 30N-50N), (c) Percent 
distribution of  MODIS cloud regimes (See text for definition of 
CR#), and (d) GPM DPR vertical profiles of precipitation rate 
difference between active and inactive AR periods. Contour shows 
mean for active period. 

[140-110W, 35-50N]

KU-band  CFAD IMERG rainrate pdf

10 km
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1. Introduction  
An Atmospheric River (AR) is a narrow corridor (>2000 m in length) of high moisture 

content in the lower and middle troposphere, found over the mid-latitude oceans.   Typically, at 
any given time during the winter hemisphere, 3-5 ARs  can be identified from satellite images in 
the form of filaments of high total precipitable water content, emanating from the moist 
atmosphere of the tropics  (Fig. 1, left panel).  Climatologically, AR’s over the Pacific and 
Atlantic Oceans are responsible for more than 90% of the water vapor transport from the tropics 
to extratropical latitudes [Newell et al., 1992].   ARs are also well known by non-technical 
names such as “Pineapple Express” to local forecasters and the public, linking abundant 
moisture transport in narrow regions across the Hawaii islands, to heavy precipitation on the US 
west coasts [Lackmann and Gyakum, 1999, Fig. 1, right panel].  When an AR encounters 
mountain terrain of the western North American, upward motion caused by orographic forcing 
can lead to enhanced precipitation.  Hence, ARs play key roles in the fresh water supply of 
western North America.  It has been estimated that land-falling AR can cause rain and snowfall 
that can account for 30-50% of California’s water supply [Guan et al., 2010; Ralph et al., 2010; 
Dettinger, 2011].   On the flip side, extreme precipitation events (EPE) associated with ARs can 
lead to disastrous flash flood and mudslides, causing severe damage to properties and life in 
many coastal regions, not only over western North America but also in many other regions of the 
world, including coastal South America, Norwegian coast, and the United Kingdom  [Ralph et 
al., 2006, 2010; Ralph and Dettinger, 2011; Gimeno et al., 2014]. 

 

 
Fig. 1 Satellite image of precipitable water on Jan. 4, 2016, when an atmospheric river delivered heavy rain causing 
major flash flood and mud-slide to central and southern California over a three-day period (left panel).   Cloud types 
associated with the  “Pine Apple Express” - a typical land-falling AR, spawning heavy precipitation over California 
(right panel). 
 

In a future warmer climate, in which atmospheric water vapor content will rise (~ 6.5 % 
oC-1) following the Clausius-Clapeyron relationship governing saturated water vapor and 
temperature, AR frequency and intensity, as well as associated extreme precipitation are 
expected to rise with adverse societal impacts [Ulbrich et al., 2008; Lavers et al., 2013].   A 
better understanding of causes and consequences of ARs and associated heavy precipitation will 
enable more reliable forecasts and advanced warning, as well as more effective planning of 
mitigation and adaptation strategies.    
	
2. Rationale and Motivation 

In this investigation, we will focus on ARs over the North Pacific, affecting west coastal 
regions of the western US.  Thanks to the advance of satellite observations, and improved 
atmospheric models, the synoptic and structural evolution of individual AR events are quite well 
known [Ralph et al., 2006, 2010;  Neiman et al., 2008; Leung and Qian, 2009; Dettinger et al., 
2011; Ralph and Dettinger, 2011, and many others].  These include the presence of low level jets 
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contrasted between active and inactive AR periods.  MERRA2 data will be used for 
computations of terms in Eq (5) and (6). 
 

Changes of MSE and precipitation, in relationship to various processes identified in Eq 
(5) and (6) will be examined using MERRA2 (winds), AIRS (moisture), IMERG (precipitation), 
CERES (for SW and LW), MODIS and Calipso (cloud regimes) data products.   An example of 
a preliminary analysis shows that during an active AR period in Dec 1-10, 2015 (Fig. 9a), both 
the storm tracks and the ITCZ were very active, compared to a relative quiescent AR period in 
Dec 1-10, 2017 (Fig. 9b).   During the active period, an increase in AR frequency can be seen in 
a narrow region across the North Pacific (Fig. 9c), coinciding with the axis of maximum 
precipitation in the storm track.   At the same time, OLR decreases in the ITCZ indicating 
enhanced high clouds, while OLR increases indicating more cooling to space in the subtropics 
(Fig. 9d).   Here, our proposed analyses will help to determine whether there is a dynamical 
connection between organized convection in the deep tropics and the storm track during active 
AR periods, and if so, what are the roles of the enhanced cooling to space by OLR in the 
subtropics, and possible other radiative feedback processes that may be important in acting as a 
pace-maker connecting active AR in the storm track to ITCZ convection.   Results from Task 2 
will complement, and provide additional process-level understanding of connections between 
land-falling ARs and EPEs over the US west coast, and tropical convection associated with 
MJO, ENSO and other modes of climate variability, found in many previous observational 
studies 
 

Task 3   GMMF and NU-WRF modeling  
This task will be focused on science questions #3 and 4.    We plan to use the GMMF V.2 

and the NU-WRF to better understand interactions of clouds convection and large scale 
circulation, associated with ARs and  EPEs, with special attention to cloud radiation and 
microphysics effects.  GMMF replaces traditional cumulus parameterization with embedded 
CRMs (cloud resolving model) at each model grid.  NU-WRF model uses unified cumulus 
microphysics common to CRM.  We note that the recent inclusion of 4-class (cloud ice, snow, 
graupel, and frozen drops/hail) ice-schemes  [Lang et al., 2014] in both GMMF and NU-WRF 

Figure 9    Plots showing IMERG rainfall rates during an active AR period with increased rainfall over US 
west coast (a), and an inactive AR period (b); increased frequency (red) along the axis of the storm track over 
the North Pacific (c), and increased cooling to space by OLR in tropics and subtropics (d). Climatology of AR 
frequency and OLR is shown as contours in (c) and (d), respectively.  
 



Back Up slides



Changes in diabatic heating and dynamical 
tendencies

!!
!" + ! ∙ ∇! + !

!!
!" = !! + ! ! − ! − ∇ ∙ !!!! −  !!

!!!

!" 	

!"
!"  = !"# + !!"  +  !!" + !!" + !!"# ~ 0, !"# !"#$%& !"#"$	

where																					  s=	moist	static	energy	(CpT	+	gz)	

!"# =  − ! ∙ ∇! + ! !!
!"  		,		dynamical	tendency	

											QMP,			heating	by	moist	physics	

																																							QSW,				shortwave	heating			

																																							QLW,							longwave	heating	

																																							Qres				transients,	unresolved	subgrid	processes	



• Fig. 9,  
Anomalies of CSH latent heating profile for 

strong vs. weak ITCZ  rainfall



Plot TOA area-weighted radiative SW and LW fluxes climatologies and anomalies to 
Compare with vertical mass flux in same coordinates

Find out  out what are the geographic locations of points contributing to the 
the circled features. 



Additional figures

Comparison of  QMP,  QSW and QLW from GMMF 

to:

Zonal mean radiative heating profile, from

Cloudsat HERB  ( L’Ecuyer et al. 2010 ??) 



Fig. 2

Change zonal wind to relative humidity



Figure 7
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climatological steady state balance (!!!" = 0), we find that:  i) longwave cooling dominates the net 
radiative forcing of the troposphere (comparing Fig.  8b and d), ii) there is a strong balance 
between QMP and DYN in the troposphere of the deep tropics (Fig. 8a and e), and iii) the sum 
(DYN+MP, Fig. 8f), which represent the imbalance between the dynamics and latent heating, is 
almost exactly balanced by the net radiation (RAD, Fig. 8c). SW heating (Fig. 8c) also 
contributes to enhancing MP in the tropics, but to a lesser degree than the LW cooling. These 
clearly show that LW radiation is a critical component in the heating balance associated with 
latent heating and circulation changes.    
 

In the proposed task, we will identify AR-active vs. non-active periods, and carry out 
composite analyses to identify the possible role of SW and LW in affecting the heating balance 
in the tropics and extratropics.  Process-oriented metric relating vertical profiles of the various 
heating functions (DYN, QMP, QSW and QLW), as a function of precipitation intensity with be 
constructed, and compared between AR active vs. non-active periods. These diagnostic metric 
will be useful for unraveling the roles of different physical processes involved in CRCI, 
affecting AR and EPEs, as well as for evaluation of model performance (Task 3).  For 
validation, the QMP profiles will be compared with those from CSH and SLH algorithms [Tao et 
al., 2016; Shige et al., 2007]. The QSW and QLW profiles will be compared to those from HERB 
[L’Ecuyer and McGarragh, 2010]. 
	
Task 2.2   Energy and water balance  

In addition to the diabatic heating composite analysis in Task. 2.1, we will examine the 
moist static energy balance, by combining and vertically integrating Eq (1) and (2), to obtain an 
equation for the moist static energy (MSE) balance, showing the explicit roles of dynamical 
processes, and surface and top of the atmospheric fluxes  
 

!ℎ/!" = − !!!
!" − ! ∙ ∇ℎ − !!!!!

!" − !! ∙ ∇h! + !" + !" + !" + !"            (5) 

 
where the overbar and prime denote time (monthly to seasonal) mean and deviations (daily) 
respective and [ ]  represents a vertical integral from surface to 100 hPa;  h is the MSE = CpT+Lq 
+gz, where all symbols have their conventional meanings.  SH and LH are the surface sensible 
and latent heat fluxes, and SW and LW are the shortwave and longwave fluxes, respectively.  For 
steady state balance the time tendency term !ℎ/!"  can be approximated to zero.  The MSE 
pattern due to the mean and transient, and contributions by radiative flux divergence (TOA minus 
surface) to heating or cooling of the atmosphere will be evaluated for both SW and LW, and 
surface fluxes SH and LH will be computed for climatology, and the differences between active 
vs. non-active AR periods over the North Pacific.  MERRA2 will be used to compute all terms in 
Eq (5).  Comparison and validation with satellite observation will be carried out using moisture 
from AIRS, TOA and surface SW and LW from CERES and HERB [L’Ecuyer and Stephens, 
2003]. 
   

Likewise, processes contributing to changes in the water budget will be evaluated base 
on steady state moisture budget equation:  

 
! = − !∇ ∙ ! − ! ∙ ∇! − !′∇ ∙ !′ − !′ ∙ !q′ + !																																																							(6) 

	
The relative importance of the contribution to the total precipitation of various physical 
processes, namely, dynamic convergence (!∇ ∙ !), moisture advection (! ∙ ∇!) and transients  
(− !!∇ ∙ !! − !! ∙ !q!  and surface evaporation (!) , will be examined, compared and 


